Up to date, only limited information is available on genetically and functionally different isoforms of CPT I enzyme in fish. In the study, molecular characterization and their tissue expression profile of three CPT Iα isoforms (CPT Iα1a, CPT Iα1b and CPT Iα2a) and a CPT Iβ isoform from yellow catfish Pelteobagrus fulvidraco is determined. The activities and kinetic features of CPT I from several tissues have also been analyzed. The four CPT I isoforms in yellow catfish present distinct differences in amino acid sequences and structure. They are widely expressed in liver, heart, white muscle, spleen, intestine and mesenteric adipose tissue of yellow catfish at the mRNA level, but with the varying levels. CPT I activity and kinetics show tissue-specific differences stemming from co-expression of different isoforms, indicating more complex pathways of lipid utilization in fish than in mammals, allowing for precise control of lipid oxidation in individual tissue.
Introduction
Carnitine palmitoyltransferases I and II (CPT I and CPT II), together with the acyl-carnitine translocase, mediate the transfer of acyl-groups into mitochondria [1] , and play an important role in the regulation of mitochondrial β-oxidation in all vertebrates, including fish. CPT I (EC 2.3.1.21), located in outer membranes of mitochondria, catalyzes the carnitine-dependent esterification of palmitoyl-CoA to form palmitoylcarnitine [2, 3] . CPT II, located on the inner mitochondrial membrane, catalyzes a second esterification, generating palmitoyl-CoA and carnitine inside the mitochondrial matrix [4] . In vertebrates, CPT I has a key function controlling the flux through β-oxidation, and is the main regulatory step of fatty acid oxidation [5] . Therefore, understanding of the mitochondrial CPT I protein in terms of its structure/function/regulatory properties has become a matter of intense biochemical and genetic interest.
In mammals, three CPT I isoforms encoded by distinct genes with various tissue distribution have been identified: a liver isoform (CPT Iα or L-CPT I) [6] , a muscle isoform (CPT Iβ or M-CPT I) [7] , and a brain isoform (CPT IC) [8] . Whereas CPT Iα is widely expressed in most tissues such as liver, spleen, intestine and heart, CPT Iβ is mainly expressed in muscle, adipose tissue, heart and testis [1] . CPT IC expression is restricted to the central nervous system [8] . At present, it is not clear whether these isoforms are conserved across vertebrates or how many additional isoforms exist in non-mammalian species, particularly in fish [9] . At present, several studies have suggested that putative presence of the α-and β-isoforms of CPT I is existent in rainbow trout [9] [10] [11] [12] and gilthead seabream [13] , and little information is available for other fish species. Also, there is little information available on their tissue expression, protein structure or kinetics [9] .
Yellow catfish Pelteobagrus fulvidraco, an omnivorous freshwater fish, is widely distributed in Chinese inland aquaculture. The fish species have been considered to be a good model to study lipid metabolism. At present, the regulation of lipid metabolism at the gene level has been poorly studied in yellow catfish. In the present study, we describe the cloning, molecular characterization and the tissue expression profile of four CPT I isoforms, and investigate kinetic parameters of CPT I in various tissues of yellow catfish. We also assess the primary protein structure for changes in amino acids in areas that may influence malony-CoA sensitivity and CPT kinetics between tissues and species.
Materials and methods

Animals
Eighty juvenile yellow catfish (initial body weight: 50±5 g) were obtained from a local farmer. They were maintained in four, 300-l circular fiberglass tanks for 2-wk acclimatization, with 20 fish for each tank. During the acclimatization period, they were provided commercial Haid® diet (crude lipid and protein contents: 9.8% and 33.6% on a dry matter basis, respectively) to satiation twice a day and continuous aeration to maintain the dissolved oxygen level near saturation. Dechlorinated tap water in each tank was replenished 100% twice daily, before feeding. Care was taken to ensure no uneaten feed remained in the tanks during feeding. Fecal matter was also quickly removed during the experiment.
The experiment was conducted at ambient temperature and subjected to natural photoperiod (approximately 10 h light/14 h dark). Water quality parameters were monitored twice a week in the morning. Water temperature ranged from 18.2°C to 20.4°C; dissolved oxygen 5.8 mg l ). Liver, heart, white muscle, spleen, intestine and mesenteric adipose were removed on the ice, rapidly frozen in liquid nitrogen (not exceeding one week) for subsequent analysis. We assured that the experiments performed on animals followed the ethical guidelines of Huazhong Agricultural University for the care and use of laboratory animals.
Cloning of CPT I cDNA
Design of primer sequences
Liver isoform sequences (L-CPT I) from zebrafish (GenBank accession no. NM_001044854), orange-spotted grouper (GenBank accession no. HM037343) and rainbow trout (GenBank accession no. GU592679), muscle isoform (M-CPT I) sequences from zebrafish (GenBank accession no. NM_001005940), rainbow trout (GenBank accession no. AJ606076) and gilthead seabream (GenBank accession no. DQ866821) were compared by using Clustal-W multiple alignment algorithm. Different degenerated primers were chosen and designed in the most conserved regions of the CPT I sequence for amplification of a partial CPT I cDNA sequence using total RNA from different tissues. 24 primers as the forward gene-specific primer CPT 5′F were designed according to degeneracy of amino acids including initiation codon region, in order to amplify 5′cDNA extremities combined with reverse gene-specific primer CPT 5′R designed from a partial CPT I cDNA sequence ( Table 1 ). The sequences encoding the carboxy-terminus of CPT I was obtained through 3′-rapid amplification of cDNA ends PCR (3′-RACE).
RNA isolation and synthesis of cDNA
Frozen tissues were powdered in a liquid nitrogen-chilled mortar and pestle. Total RNA was extracted from the liver, white muscle, heart, brain, spleen, intestine and mesenteric adipose using TRIzol Reagent (Invitrogen, Carlsbad, USA) based on the acid guanidinium thiocyanate-phenol-chloroform extraction method. Two microgram of total RNA was used for reverse transcription with RevertAid™ Reverse Transcriptase (Fermentas, Burlington, Canada) and an oligo-dT primer. Two microliters of the cDNA obtained were used as template for PCR with the forward primer CPT 5′F and the reverse primer CPT 5′ R. PCR cycles were conducted at 95°C for 3 min followed by 30 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min, and a final cycle of 72°C for 10 min. The resulting target fragments were purified using the Agarose Gel DNA Fragment Recovery Kit Ver. 2.0 (TaKaRa, Shiga, Japan), subcloned using the pGEM-T Easy Vector System (Promega, Nepean, Canada). The plasmid was used for transformation of JM109 Competent Cells (Promega, Nepean, Canada) and clones with inserts were sequenced (Sangon, Shanghai, China). The sequences encoding the carboxy-terminus of CPT I were obtained through 3′-RACE using 3′-Full RACE Core Set Ver. 2.0 (TaKaRa, Shiga, Japan) with the oligo-dT anchor primer provided by the kit and the gene-specific primer. Amplification was carried, using the reaction settings as follows: initial denaturation at 95°C for 4 min, followed by 30 cycles of denaturing for 30 s at 94°C, annealing for 30 s at 55°C, extension for 2 min at 72°C, and a final extension for 10 min at 72°C. The final PCR product was purified, cloned, and sequenced as described above.
Sequence analysis
The sequence was edited, analyzed using the program EDITSEQ of DNASTAR package to search for the open reading frame (ORF) and then translated into an amino acid sequence using standard genetic codes. The nucleotide sequences were compared with DNA sequences present in the GenBank database using BLAST network service at the NCBI (http://blast.ncbi.nlm.nih.gov/). Sequence alignments and percentage of amino acid conservation were assessed with the Clustal-W multiple alignment algorithm. The phylogenetic tree was generated using neighbor-joining (NJ) methods based on CPT I amino acid sequences using the PAUP 4b software packages (http://paup.csit.fsu. edu/about.html). Putative transmembrane regions were predicted by TMpred (http://www.ch.embnet.org/software/TMPRED_form.html).
mRNA quantification by real-time PCR
Extraction of total RNA from fish tissues and first strand cDNA synthesis were performed as described above. The cDNA synthesis reactions were diluted to 200 μL in water. Q-PCR reactions (20 μL) were performed in 96-well plates in a Bio-Rad iQ5 (Germany) with GoTaq®qPCR Master (Promega, Nepean, Canada), containing 10 μL GoTaq®qPCR Master mix, 2 μL of cDNA, and 0.2 μM of each primer. The primer sequences used in the present analysis are given in Table 1 . The PCR parameters were initial denaturation at 95°C for 15 min, followed by 45 cycles at 95°C for 15 s, 57°C for 10 s (annealing temperature Tm+2°C for all primers pairs except for β-actin whose annealing temperature was Tm+1°C) and 72°C for 30 s, and a final extension for 10 min at 72°C. All reactions were performed in duplicates and each reaction was verified to contain Table 1 Primers used for sequencing of CPT I (S) and real-time PCR analysis (Sq) from yellow catfish (fragments were noted in Fig. 1 a single product of the correct size by agarose gel electrophoresis. A non-template control and dissociation curve were performed to ensure that only one PCR product was amplified and that stock solutions were not contaminated. Standard curves were constructed for each gene using serial dilutions of stock cDNA to account for any differences in amplification efficiencies. The relative expression of CPT I genes was calculated with the "delta-delta Ct" method [14] . β-actin was amplified to confirm the steady-state level of expression of the housekeeping gene and used as a reference gene.
The determination of crude lipid content, CPT I activity and kinetic parameters
Crude lipid content from several tested tissues was determined by the ether-extraction, and expressed as g crude lipid/100 g wet weight.
For extraction of mitochondria and the determination of mitochondrial protein, mitochondria were isolated from the liver, heart, white muscle, spleen and intestine according to Suarez and Hochachka [15] with modifications by Morash et al. [5] . Mitochondrial protein content was measured according to Bradford [16] , using bovine serum albumin as the standard.
Before starting the kinetic assays, the optimal conditions for protein concentration, incubation time, pH and incubation temperature for maximum CPT I activity were obtained. According to McGarry et al. [17] , only CPT I is sensitive to malonyl-CoA inhibition in vertebrates. Therefore, CPT I activity was recorded at increasing malonyl-CoA concentrations until minimum activity was obtained according to the procedure from Morash et al. [5] . Residual activity was ascribed to the activity of CPT II isoform and subtracted from the total CPT activity (obtained in fractions not incubated with malonyl-CoA) so as to obtain CPT I activity. According to the preliminary experiment, 50 μM malonyl-CoA was sufficient for the complete inhibition of CPT I activity in different tissues from yellow catfish.
CPT I activity was analyzed using the method of Bieber and Fiol [18] , based on measurement of the initial CoA-SH formation by the 5, 5′-dithio-bis-(2-nitrobenzoic acid) (DTNB) reaction from palmitoylCoA by mitochondria samples with L-carnitine at 412 nm. Briefly, 50 μl buffer solution (containing 116 mmol/l Tris, 2.5 mmol/l EDTA, 2 mmol/l DTNB, 0.2% Triton X-100, pH 8.0) and 50 μl mitochondria suspension (0.5-1 mg mitochondrial protein per 50 μl) were added to four semi-microcuvettes. After 5-min preincubation at 37°C, 50 μl palmitoyl-CoA (1 mmol/l dissolved in double distilled water) was added to three cuvettes. The fourth cuvette was used as a blank by adding 50 μl water instead of palmitoyl-CoA. The reaction was then started by adding 5 μl carnitine solution (1.2 mmol/l dissolved in 1 mol/l Tris, pH 8.0), immediately followed by photometric measurement at 412 nm at 25°C for 180 s. One unit of enzyme activity was defined as 1 μmol of product formed per min at 25°C.
For the kinetic studies, substrate concentrations for carnitine varied from 0.5 mM to 10 mM, and for palmitoyl-CoA from 0.02 to 0.6 mM. The enzymatic reaction was initiated by adding palmitoyl-CoA (100 μM) and carnitine (400 mM) to generate palmitoylcarnitine and incubated at 25°C [19] . Analysis of the kinetic data was performed as described by Hofstee [20] . The values of Michaelis-Menten constants (Km) and maximal reaction velocity (Vmax) were analyzed using a nonlinear regression method described by the Michaelis-Menten equation. Catalytic efficiency, defined as an enzyme's efficiency in transforming its substrate, was calculated by the ratio between maximum enzyme activity and Km (Vmax/Km). All measurements were performed in duplicate. Lineweaver-Burk graphs [21] were drawn by using 1/V versus 1/[S] values.
Statistical analysis
Results are presented as mean ± SEM (standard errors of means). Prior to statistical analysis, all data were tested for normality of distribution using the Kolmogornov-Smirnov test. The homogeneity of variances of expression levels, enzymatic activities and kinetic parameters among different tissues was tested using the Barlett's test. Then they were subjected to one-way ANOVA and Tukey's multiple range test. Difference was considered significant at Pb 0.05. All statistical analyses were performed using the SPSS10.0 for Windows (SPSS, Michigan Avenue, Chicago, IL, USA).
Results
Phylogenetic analysis based on CPT I amino acid sequences
In the present study, the core fragment, 3′ end and 5′ end sequences were assembled using SeqMan II software in DNASTAR PACKAGE to obtain full-length cDNA of four CPT I gene isoforms from yellow catfish (Fig. 1) , named as CPT Iα1b (GenBank accession no. JQ074176), CPT Iα1a (GenBank accession no. JQ074177), CPT Iα2a (GenBank accession no. JQ074178) and CPT Iβ (GenBank accession no. JQ074179), respectively. Phylogenetic analysis based on putative CPT I amino acid sequences is used to investigate the relationship of the CPT I isoforms among major vertebrates (Fig. 2 ). There are three major CPT I isoforms in mammals, two of which (CPT Iα and CPT Iβ) are also present in other vertebrates. CPT IC isoform is only found in mammals, which is distantly related to either the α or β isoforms. In fish, there are four CPT Iα duplications, including CPT Iα1a, CPT Iα1b, CPT Iα2a and CPT Iα2b. The generation of CPT Iα1a and CPT Iα1b may be due to duplication of CPT Iα1 while the emergence of CPT Iα2a and CPT Iα2b might be as a result of duplication of CPT Iα2. According to the data available, yellow catfish, zebrafish and rainbow trout exhibit two CPT Iα1 isoforms (CPT Iα1a and CPT Iα1b). CPT Iα2 exists only in fish, forming an independent cluster. Several reported fish species, with the exception of rainbow trout and yellow catfish, show two CPT Iα2 isoforms (CPT Iα2a and CPT Iα2b). The CPT Iα2 position in the phylogenetic tree indicates that it may be a subfamily of CPT Iα. In the CPT Iβ clade, CPT Iβ isoform from teleosts, such as yellow catfish, rainbow trout, gilthead seabream and zebrafish, form a clade, whereas mammals, such as human, dog, pig, horse and rat, form another clade with a bootstrap value of 100%. These clades together constitute the CPT I family, which is distinguished from human CPT II. Thus, yellow catfish shows specific gene duplications resulting in four CPT I isoforms according to the tree topology.
CPT I sequence and structure
Since numerous amino acids confer M-CoA sensitivity, enzyme activity and kinetic properties in mammals (Table 2) , we aligned all four full-length yellow catfish isoforms with mammalian CPT Iα and CPT Iβ to investigate any changes in protein sequence that may affect these properties. The deduced complete amino acid sequences of four CPT I isoforms in yellow catfish are shown in Fig. 3 . Most amino acid residues in fish including yellow catfish are perfectly aligned with those of the mammalian CPT I isoforms. However, a few key substitutions are present in the putative amino acid sequence in yellow catfish CPT I protein (Fig. 3) . The first important substitution occurs at Asp 17 , which is replaced by Glu in yellow catfish CPT Iα2b and CPT Iβ. The second important substitution occurs at Val 19 in mammalian CPT Iβ, which is changed to Ile in yellow catfish CPT Iβ isoform. Ser 24 in yellow catfish CPT Iα1b, Iα2b and β isoforms and mammalian α and β isoforms were changed to Cys in CPT Iα1a of yellow catfish and trout. Ala 275 occurs in α1 and β isoforms of yellow catfish and trout, but is replaced by Leu in the β isoform of pig and rat. Furthermore, amino acid divergence was also observed between fish and mammalian β isoforms. Several residues (marked with oval frames in Fig. 3 (Fig. 3 ).
TMpred analysis was used to determine the transmembrane domains (TMDs) of the four yellow catfish CPT I isoforms and compared their location with other vertebrates (pig, rat and trout) (Fig. 3) . Two TMDs are predicted for each CPT I isoform of yellow catfish. The CPT I in yellow catfish contains a cytosolic N-terminal region (≈50 residues), two membrane spans connected by a loop (≈30 amino acids) in the intermembrane space. On the other hand, yellow catfish CPT Iα2 reveals similar TMDs to pig and rat CPT Iα and β isoforms. However, CPT Iα1 isoforms of yellow catfish and trout show different TMDs from pig and rat CPT Iα and β isoforms. The NH 2 terminus of CPT Iα1 is shorter and the loop between the first and second TMD is longer in yellow catfish and trout CPT Iα1 isoform than those in pig and rat CPT Iα and β isoforms.
The pair-wise amino acid sequence comparison between the yellow catfish CPT I isoforms and those from other fish species and mammals is shown in Table 3 . The three CPT I isoforms (CPT Iα1b, CPT Iα2a and CPT Iβ) from yellow catfish share almost equal levels of identity with the rat CPT Iα (67.0%, 66.4% and 66.3%, respectively). Yellow catfish CPT Iα1a isoform shares identity with the rat CPT Iα (69.1%), while yellow catfish CPT Iβ isoform shares identity with the rat CPT Iβ (65.8%). Yellow catfish CPT Iα1b, CPT Iα1a, CPT Iα2a and CPT Iβ share the maximal identity with other fish CPT Iα1b (79.5%), CPT Iα1a (81.4%), CPT Iα2 (74.1%) and CPT Iβ (82.5%), respectively. Interestingly, levels of identity between yellow catfish CPT Iβ and rat CPT Iα (66.3%) are slightly higher than those of yellow catfish CPT Iβ and rat CPT Iβ (65.8%). Besides, levels of identity between yellow catfish CPT Iβ and mammalian CPT Iα1 (66.4%) are also slightly higher than that between yellow catfish CPT Iβ and mammalian CPT Iβ (65.0%).
CPT I mRNA expression levels in several tissues of yellow catfish
The tissue-specific expression of four CPT I isoforms was determined via real-time qPCR in yellow catfish (Fig. 4) . Four isoforms were present in all the tested tissues, but at varying levels. CPT Iα1b mRNA expression level was highest in liver, and no significant differences were found in other tested tissues. CPT Iα1a expression level was highest in the heart, followed by liver, spleen and intestine, and lowest in mesenteric adipose and white muscle. The CPT Iα2a expression level was highest in the spleen and lowest in the white muscle and heart (P b 0.05). CPT Iβ mRNA expression was highest in the heart, intermediate in white muscle, and lowest in liver, spleen, intestine and mesenteric adipose.
Crude lipid content, CPT-I activity and kinetic parameters in different tissues
Crude lipid contents were highest in the muscle and intestine, and lowest in the heart and spleen ( Table 4 ). The highest activity of CPT I was obtained in the liver and heart, followed by the intestine, while muscle and spleen had the lowest CPT I activity. The Vmax for carnitine and palmitoyl-CoA in different tissues followed a similar trend with CPT I activities. The Km for carnitine was highest in the intestine and lowest in the spleen. The Km for palmitoyl-CoA was highest in the spleen and lowest in the intestine. The catalytic efficiency (Vmax/Km value) for carnitine and palmitoyl-CoA was highest in the heart, and lowest in the muscle.
Discussion
Up to date, few reports have addressed CPT I genes in fish species, despite their potential importance in lipid metabolism. In an early study, Gutières et al. [10] suggested that a single CPT I gene was present in trout. Later, muscle and liver isoforms of CPT I were also reported in rainbow trout [11, 12] . Recently, Boukouvala et al. [13] reported that gilthead sea bream possessed multiple CPT I genes, including a homologue of mammalian CPT Iβ and four genes similar to mammalian CPT Iα. In the present study, we have identified and characterized three CPT Iα duplications (CPT Iα1b, CPT Iα1a and CPT Iα2a) and one CPT Iβ isoform, and their tissue expression patterns were also determined. Our study indicated that genome duplication events had diversified the CPT I gene family in yellow catfish.
In mammals, extensive mutagenesis and deletion studies have identified a number of residues of CPT I protein that are important for the sensitivity to M-CoA and/or catalytic activity. Thus, highly constrained amino acids might diverge after duplication, leading to protein with new function [22] . A few key substitutions were identified when yellow catfish protein sequences were aligned with their counterparts from other fish and mammals. Of interest is the substitution of Asp 17 to Glu in the yellow catfish CPT Iβ. This substitution is also observed in the pig CPT Iβ isoform and is responsible for both the low malonyl-CoA sensitivity and high carnitine affinity characteristics [23] . The presence of Val at position 19 in mammalian CPT Iβ, is a positive determinant for malonyl-CoA sensitivity [37] . However, in yellow catfish, as well as in other fish species CPT Iβ, this position is occupied by an Ile, which is also the residue found in both mammalian and fish CPT Iα. Since mammalian CPT Iβ has a much lower IC50 and higher Km for carnitine than CPT Iα [1] , the above amino acid substitutions are likely to reduce the malonyl-CoA sensitivity, and render yellow catfish CPT Iβ more similar to the mammalian CPT Iα isoform. This may explain why the difference in the sensitivity of CPT I to malonyl-CoA inhibition between the liver and white muscle in fish is less obvious than that in mammals [10, 17] . Post-translational modifications of CPT I protein can also be responsible for changes in the malonyl-CoA sensitivity and/or catalytic activity of the enzymes [24] [25] [26] . In the yellow catfish CPT I isoforms, two carnitine acyltransferase sites and an Asp glycosylation site are predicted, similar to seabream protein [13] . On the other hand, yellow catfish CPT Iβ shows a lack of nitration sites at Tyr 282 and Tyr
32
. Although the biological significance of Tyr nitration is still not known, it may be involved in oxidative stress and inflammation [26] . Furthermore, Ser 24 in yellow catfish CPT Iα2b is changed to Cys in yellow catfish Iα1a, resulting in an absence of Ser phosphorylation. Phosphorylation and Fig. 2 . Phylogenetic tree based on the protein sequences of CPT from yellow catfish CPT I isoforms (CPT Iα1a, CPT Iα1b, CPT Iα2a and CPT Iβ) and other vertebrate species using the neighbor-joining (NJ) method. The tree was rooted to the human CPT II (CPT2, GenBank no.: NM_000098) protein sequence. Other accession numbers from GenBank and Ensembl databases: human (CPT Iα (CPT1A) NP_001027017, CPT Iβ (CPT1B) NP_004368, CPT IC (CPT1C) NP_001129524), rat (CPT Iα (Cpt1a) NP_113747, CPT Iβ (Cpt1b) NP_037332, CPT IC (Cpt1c) NP_001030097), pig (CPT Iα NP_001123277, CPT Iβ NP_001007192, CPT IC XP_003127380), horse (CPT Iα NP_001075277, CPT Iβ XP_001490769), dog (CPT Iα XP_533208, CPT Iβ XP_538305), dolphin (CPT Iα ENSTTRP00000015947, CPT Iβ ENSTTRP00000013257), zebrafish (CPT Iα1a ENSDARP00000083632, CPT Iα1b (ctp1a) ENSDARP00000077866, CPT Iα2a ENSDARP00000082601, CPT Iα2b ENSGACP00000008742, CPT Iβ (cpt1b) ENSDART00000083421), gilthead seabream (CPT Iβ ABI79327), rainbow trout (CPT Iα1a NP_001233259, CPT Iα1b bankit1316105, CPT Iα2b CAF04490, CPT Iβ CAE54358), gilthead seabream (CPT Iβ ABI79327), tilapia (CPT Iα2b XP_003446513), orange-spotted grouper (CPT Iα1a ADH04490), fugu (CPT Iα1a ENSTRUP00000024321, CPT Iα2a ENSTRUP00000031749, CPT Iα2b ENSTRUP00000035348, CPT Iβ ENSTRUP00000029296), medaka (CPT Iα2a ENSORLP00000008556, CPT Iα2b ENSORLP00000021138, CPT Iβ ENSORLP00000012820), stickleback (CPT Iα1a ENSGACP00000014768, CPT Iα2a ENSGACP00000010584, CPT Iα2b ENSGACP00000008742, CPT Iβ ENSGACP00000016316), tetraodon (CPT Iα1a ENSTNIP00000013370, CPT Iα2a ENSTNIP00000018245, CPT Iα2b ENSTNIP00000007270, CPT Iβ ENSTNIP00000021106). Values at branch-points represented percentage frequencies for tree topology after 1000 iterations.
dephosphorylation modifications affect malonyl-CoA sensitivity and CPT I catalytic activity [25] , which provides a new mechanism for control of fatty acid oxidation.
In the present study, the last 31 C-terminal residues of yellow catfish CPT I sequences are predicted to fold into a coiled-coil α-helix. This domain is completely conserved in mammals and fish, essential for the initial protein folding of L-CPT I [27, 28] . Moreover, the first 126 N-terminal residues of CPT I, encompassing its two transmembrane (TM) segments, specify both mitochondrial targeting and anchorage at the outer mitochondrial membrane, as suggested by Cohen et al. [29] . The two membrane-spanning domains for each CPT I isoform are also conserved in fish and mammals. Prip-Buus et al. [30] suggested that an intact loop region adjacent to TM2 was essential for the tight folding of the C-segment, which further influenced the malonyl-CoA sensitivity of CPT I [31] . Thus, the change in yellow catfish CPT Iα loop region may have an impact on the interaction of the two TMDs, thereby affecting the malonyl-CoA sensitivity and its kinetics. This change partially explains why mammalian muscle CPT I isoform is~100 times more sensitive than liver isoform, and that the difference in the sensitivity of CPT I to malonyl-CoA inhibition between liver and white muscle in fish is subtle [10, 17, 32] .
It has been suggested that, at the tissue level, it is the transcriptional regulation of duplicated genes, rather than potential structural modifications at the protein level of CPT I, that plays a greater role in determining the overall functional role of the gene [9] . In order to evaluate their functional roles, we determined the tissue distribution of CPT I isoforms in yellow catfish. The mRNA expressions of all four CPT I isoforms of yellow catfish are detected in all the tested tissues, but at varying levels, similar to those in other fish species [5, [9] [10] [11] [12] 32, 33] . Yellow catfish CPT Iα1b may play an important role in the liver, because its expression is high in the tissue. As reported for trout CPT Iα1a [9] , yellow catfish CPT Iα1a may play a crucial role in fatty acid β-oxidation, as its expression levels are high in highly oxidative tissues (heart and liver). Yellow catfish CPT Iα2a may have a tissue-specific role in liver and spleen, because its expression levels are significantly higher in these two tissues. Yellow catfish CPT Iβ is predominantly expressed in the muscle and heart with very low expression in other tissues tested, in agreement with trout and sea bream CPT Iβ [5, 13] . Tissue mRNA expression profile of yellow catfish CPT I also further demonstrates that CPT Iα1a, CPT Iα1b and CPT Iα2a belong to liver-specific isoform and that CPT Iβ is orthologous to the mammalian muscle-specific isoform.
In order to determine the functional role of CPT I, further research into CPT I activity and kinetic properties is necessary. Until now, a few data on CPT I activity in fish tissues were available. In the present study, the measurement of CPT I activity has been performed on thawed tissues. CPT I is anchored on the external membrane of mitochondria that can be broken during thawing, leading to a loss of CPT I activity. This does not impede comparison of activity between tissues because thawing is expected to affect the mitochondria of all tissues in the same manner. Our study indicates that CPT I activities in yellow catfish follow the order: heart = liver > intestine > spleen > white muscle. Similarly, Gutieres et al. [10] indicated that the order of CPT I activity in rainbow trout was heart > liver = intestine > white muscle > adipose tissue. Morash et al. [5] suggested that the activity of CPT I measured in isolated mitochondria followed a pattern of heart > white muscle > liver. In the present study, no significant differences in Km Table 2 Amino acid mutations and their effect on M-CoA sensitivity, CPT I activity and kinetic properties (numbering corresponds to residues in Fig. 3 ).
Mutation
Sources IC50 Activity Km-C Km-P Vmax-C Vmax-P References IC50: IC50 for malonyl-CoA; Km-C, Km for carnitine; Km-P, Km for palmitoyl-CoA; Vmax-C, Vmax for carnitine; Vmax-P: Vmax for palmitoyl-CoA: aa, amino acid; "-", unchanged; nd: not detected. for L-carnitine and palmitoyl-CoA are observed in the liver, white muscle and heart, which might result from co-expression of multiple isoforms in these tissues. In mammals, McGarry and Brown [1] reported that CPT Iβ had a higher Km for L-carnitine than CPT Iα, but their affinity for long-chain acyl-CoA was not markedly different. Gutieres et al. [10] also indicated that the sensitivity of CPT I to malonyl-CoA inhibition between the liver and white muscle was subtle in fish due to co-expression of multiple isoforms in these tissues. However, further research is needed in order to explain significant differences observed in Km between the spleen and intestine. The important function of CPT Iα1a in fatty acid β-oxidation is implied by the higher catalytic efficiency for carnitine and palmitoyl-CoA in the heart and liver as well as its elevated levels of expression in these two tissues. Compared to white muscle, lower lipid content in the heart and liver may be attributable to higher CPT I activities and Vmax, CPT Iα1a expression and catalytic efficiency in these tissues. On the other hand, they should keep in mind that tissues lipid contents result from a balance between deposition and β-oxidation. Although yellow catfish intestine shows significantly higher CPT Iα1a expression compared to white muscle, it is possible that post-translational regulation influences CPT I activity and kinetic property, thus causing the highest lipid accumulation in the intestine. Similar to intestine, spleen also shows significantly lower CPT I activities, and low Vmax and catalytic efficiency. All the results above are suggestive of tissue-specific regulation of fatty acid metabolism, reflecting the presence of different isoforms of CPT I in the tissues of yellow catfish.
In conclusion, we report three CPT Iα isoforms (CPT Iα1a, CPT Iα1b and CPT Iα2a) and a CPT Iβ isoform from yellow catfish P. fulvidraco. The variety of CPT I isoforms in yellow catfish represents a putative diversity of primary amino acid sequences. Amino acid substitutions and structural changes between the isoforms lead to diversity in the regulation of mitochondrial fatty acid oxidation. Furthermore, their tissue distribution profile helps explain differences in CPT I activities and kinetic characteristics across tissues in yellow catfish. These proteins with distinct tissue expression profile and kinetic properties may ensure the fine control of lipid catabolism in fish body under physiological or stressful conditions.
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Table 4
Crude lipid content (percentage on a wet weight basis), activity and kinetic parameters of CPT I in liver, heart, muscle, spleen and intestine of yellow catfish. 
